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Abstract
Vacuum structure and related phenomenological features are investigated in µ-problem
solvable supersymmetric extra U(1) models. We present a framework for the analysis of
their vacuum structure taking account of an abelian gauge kinetic term mixing, which can
potentially modify a scalar potential and Z0 gauge interactions. Applying this to data
of the precise measurements at LEP, we constrain an allowed region in a space of Higgs
vacuum expectation values based on consistency with potential minimum conditions. We
find that such a region is confined into rather restricted one. Bounds on masses of an extra
U(1) gauge boson and the lightest neutral Higgs boson are predicted. Renormalization
group equations for gauge coupling constants and gaugino soft masses in an abelian gauge
sector are also discussed in relation to the gauge kinetic term mixing in some detail.
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1 Introduction
Although the standard model (SM) has been confirmed in incredible accuracy through
precise measurements at LEP, it is still not considered as the fundamental theory of
particle physics and its various extensions have been proposed. One direction of such
extensions is supersymmetrization of the SM from a viewpoint of gauge hierarchy problem.
For this problem it is now considered as the most promising extension of the SM [1].
Another direction is the extension of gauge structure and it is represented by GUT models
like SU(5) and SO(10). Among such extensions the simplest one is an addition of an extra
U(1) factor group to the SM gauge structure. It is an interesting aspect of this extension
that this kind of gauge structure often appears in the low energy effective models of
perturbative superstring [2].
Even in the supersymmetrized models a theoretically unsatisfactory feature remains
from the viewpoint of naturalness. This is known as a µ-problem [3]. The supersymmetric
SM has a supersymmetric Higgs mixing term µH1H2. In order to induce the weak scale
correctly, we should keep µ ∼ O(G−1/2F ) by hand, where GF is a Fermi constant. On
the other hand, in the supersymmetric models a typical low energy scale is generally
characterized by a supersymmetry breaking scale MS in an observable sector. There is
no reason why µ should be such a scale since µ parametrizes a supersymmetric term and
then it seems rather natural to take it as a cut-off scale like MPl.
A reasonable way to answer this question is to consider an origin of µ scale as a result
of supersymmetry breaking [4]. One of such solutions is an introduction of a singlet
field S and replace µH1H2 by a Yukawa type coupling λSH1H2 [5]. If S gets a vacuum
expectation value (VEV) of order 1 TeV as a result of both supersymmetry breaking and
radiative corrections to soft supersymmetry breaking terms [6], µ ∼ O(G−1/2F ) will be
dynamically realized through µ = λ〈S〉. It is noticable that the models extended by an
extra U(1) symmetry which is broken by a SM singlet field S can have this feature [7 -
12]. The existence of this U(1) can also make it free from the tadpole problem usually
unavoidable in the models with gauge singlet Higgs scalars. Thus the supersymmetric
SM extended with an extra U(1) symmetry can be considered as one of the simplest and
most promising extensions of the supersymmetric SM. This kind of models have various
interesting features and their phenomenological aspects have been studied by various
authors [7 - 12].
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It is worthy to note that the extra U(1) models can have an another interesting feature.
In principle, there can be a kinetic term mixing among abelian gauge fields because their
field strength is gauge invariant. A decade ago it was suggested that such a mixing might
appear in suitable unified models [13] and also in the effective theory of perturbative
superstring [14, 15]. Following these works, in the supersymmetric models extended with
an extra U(1), the running of gauge coupling constants [16] and also the effects on the
electroweak parameters [17] due to this mixing have been studied. Recently the relation
of the kinetic term mixing to the leptophobic property and the electroweak parameters
has also been intensively studied in E6 inspired extra U(1) models [18, 19, 20].
In supersymmetric models gauge fields are embedded in the vector superfields. This
means that the similar effect appears also in other component fields contained in the vector
superfields, that is, gauginos and auxiliary fields D. Recently, it has been shown that
gauge kinetic term mixing can cause additional interesting effects in various phenomena
through the neutralino sector [21, 22]. However, there still seems to remain an unstudied
interesting aspect due to the modification of D fields related to the vacuum structure. In
this paper we investigate its effect on the scalar potential and the gauge interaction sector
to examine the vacuum structure of such models. As one of its results, we can predict the
bounds for masses of an extra neutral gauge boson and the lightest neutral Higgs boson.
The organization of this paper is as follows. In section 2 we review general features of
physical effects of the gauge kinetic term mixing in the models with U(1)a× U(1)b gauge
symmetry from various points of view. In section 3 we introduce the µ-problem solvable
extra U(1) models studied in this paper. In section 4 the discussion in section 2 are applied
to formulate a framework for the study of a vacuum structure of the models in the basis of
both the results of precise measurements at LEP and the potential minimization. Using
numerical analysis based on this framework we constrain an allowed region in a space
extended by the Higgs VEVs. We also discuss the mass bounds of the extra neutral gauge
boson and the lightest neutral Higgs boson. Section 5 is devoted to the summary. In
an appendix we review the derivation of the electroweak parameters in the extra U(1)
models.
2 Kinetic term mixing
3
2.1 General feature
At first we review the general features of gauge kinetic term mixing in the case of U(1)a×
U(1)b model [18]. This is also aimed to fix various notations used in the following argu-
ments. The Lagrangian considered here is written as
L = −1
4
Fˆ aµνFˆ aµν −
1
4
Fˆ bµνFˆ bµν −
sinχ
2
Fˆ aµνFˆ bµν + |Dˆµφ|2 + iψ¯γµDˆµψ. (1)
where sinχ parametrizes the gauge kinetic term mixing.
A covariant derivative Dˆµ is defined as Dˆµ = ∂µ− ig0aQaAˆaµ− ig0bQbAˆbµ. We can change
this Lagrangian into the one written in a canonically normalized basis by resolving this
mixing in terms of the following transformation,
 Aˆaµ
Aˆbµ

 =

 1 − tanχ
0 1/ cosχ



 Aaµ
Abµ

 . (2)
The resulting Lagrangian can be expressed as
L = −1
4
F aµνF aµν −
1
4
F bµνF bµν + |Dµφ|2 + iψ¯γµDµψ. (3)
Now the covariant derivative is altered into
Dµ = ∂µ − igaQaAaµ − i (gabQa + gbQb)Abµ, (4)
where
ga = g
0
a, gab = −g0a tanχ, gb =
g0b
cosχ
. (5)
Physical phenomena should be considered by using this new Lagrangian. The mixing
effects are confined into the interactions between the U(1)b gauge field and matter fields.
In this new Lagrangian a gauge coupling constant gb is varied from the original one and
also a new off-diagonal gauge coupling gab appears.
Here we should note that Eq. (2) is not a unique choice of the basis which resolves
the mixing. There is an additional freedom of the orthogonal transformation. Another
useful basis (A¯aµ, A¯
b
µ) is related to the basis (A
a
µ, A
b
µ) by the orthogonal transformation.
By fixing the definition of charges (Qa, Qb) of U(1)a× U(1)b, these bases are related by
the orthogonal rotation as follows,
 Aa
Ab

 =

 cos θ − sin θ
sin θ cos θ



 A¯a
A¯b

 ,
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
 ga gab
0 gb

 =

 g¯a g¯ab
g¯ab g¯b



 cos θ sin θ
− sin θ cos θ

 . (6)
We call this new basis as the symmetric basis hereafter. Under this basis the covariant
derivative is represented as
Dµ = ∂µ − i (g¯aQa + g¯baQb) A¯aµ − i (g¯abQa + g¯bQb) A¯bµ.
These changes induced by resolving the mixing can bring various effects on the low
energy phenomena. A typical example of such effects is a radiative correction to gauge
coupling constants. For the study of the running of abelian gauge coupling constants, these
effects should be taken into account. In the present model the one-loop renormalization
group equations (RGEs) for these couplings generally take a 2×2 matrix form [16]. If we
use t = lnM/M0 where M is a renormalization point, these can be written as
d
dt

 g¯a g¯ab
g¯ba g¯b

 =

 g¯a g¯ab
g¯ba g¯b



 β¯a β¯ab
β¯ab β¯b

 , (7)
in the symmetric basis. On the other hand, using the basis taken in Eq. (4), RGEs are
expressed as [18],
d
dt

 ga gab
0 gb

 =

 ga gab
0 gb



 βa βab
0 βb

 . (8)
The rotation angle θ in Eq. (6) changes with the energy scale as
dθ
dt
= β¯ab cos 2θ +
1
2
(β¯a − β¯b) sin 2θ. (9)
Although β-functions in Eqs. (7) and (8) depend on the matter contents in a considering
model, their general forms in the symmetric basis can easily written down [16].
In connection with the running of gauge coupling constants it will also be useful to
comment on the relation between the charge normalization and the initial condition for
RGEs study. In the usual unified models based on a simple group, there is no kinetic term
mixing at the unification scale MU among its low energy abelian factor groups. However,
their kinetic term mixing can appear at the lower energy region through the multiplets
splitting due to the symmetry breaking at the intermediate scale [13]. In this case if we
assume a unified coupling constant to be gU , the abelian charges may be normalized at
the unification scale as usual,
g2U = g
02
a Tr Q
2
a = g
02
b Tr Q
2
b . (10)
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On the other hand, if we consider the models derived from superstring the kinetic term
mixing can occur even at the string scale or unification scale MU [14, 15]. In that case
Eq. (10) should be modified as1
g2U = g
2
aTr Q
2
a =
g2ag
2
b
g2ab + g
2
a
Tr Q2b , (11)
where we substitute the relations (5) into Eq. (10). This equation shows that the initial
values of gauge couplings can be shifted. Usually charges are normalized as TrQ2a = TrQ
2
b
and thus g0a = g
0
b is satisfied. However, Eq. (11) shows ga < gb even at MU as a result of
the kinetic term mixing due to some dynamics above the string scale.
In this model an additional mass mixing between Aaµ and A
b
µ also generally appears
after spontaneous symmetry breaking of U(1)a× U(1)b due to some VEVs of suitable
Higgs scalar fields. This mixing can be resolved by the orthogonal transformation
 A
µ
1
Aµ2

 =

 cos ξ sin ξ
− sin ξ cos ξ



 Aµa
Aµb

 . (12)
If we write the mass matrix as 
 m2a m2ab
m2ab m
2
b

 , (13)
the mixing angle ξ can be written as,
tan 2ξ =
−2m2ab
m2b −m2a
. (14)
2.2 Supersymmetric extension
We now consider a supersymmetric extension [1] of the discussion in the previous subsec-
tion. In that case gauge fields are extended to vector superfields
VWZ(x, θ, θ¯) = −θσµθ¯V µ + iθθθ¯λ¯− iθ¯θ¯θλ+ 1
2
θθθ¯θ¯D, (15)
where we use the Wess-Zumino gauge. A gauge field strength is included in the chiral
superfield constructed from VWZ in the well known procedure,
Wα(x, θ) = (D¯D¯)DαVWZ
= 4iλα − 4θαD + 4iθβσναβ˙σβ˙µβ(∂µV ν − ∂νV µ)− 4θθσµαβ˙∂µλ¯β˙. (16)
1 In the definition of sinχ in Eq. (1) the diagonal part is assumed to be canonically normalized. If
there are also some corrections to them, these effects should be taken into account in the initial conditions
(11) of the coupling constants at the unification scale [23].
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Using these superfields the supersymmetric Lagrangian can be written as
L = 1
32
(W αWα)F +
(
Φ† exp(2g0QVWZ)Φ
)
D
, (17)
where Φ = (φ, ψ, F ) is a chiral superfield which corresponds to a matter field. It is con-
venient to present a component representation of each term for the following arguments,
1
32
(W αWα)F = −
1
4
VµνV
µν − 1
2
iλασµαγ˙∂
µλ¯γ˙ − 1
2
i(∂µλ¯β˙)σ¯
β˙α
µ λα +
1
2
D2, (18)(
Φ† exp(2g0QVWZ)Φ
)
D
= |Dµφ|2 − i
(
ψ¯β˙ σ¯
β˙α
µ D
µψα
)
+ g0Qφ
∗Dφ
+i
√
2g0Q
(
φ∗λψ − λ¯ψ¯φ
)
+ |F |2, (19)
where Dµ is an original covariant derivative.
If we take account of this Lagrangian, the introduction of the gauge kinetic term
mixing is straightforward for U(1)a× U(1)b model. Supersymmetric gauge kinetic terms
are obtained by using chiral superfields Wˆ aα and Wˆ
b
α for U(1)a× U(1)b as
1
32
(
Wˆ aαWˆ aα
)
F
+
1
32
(
Wˆ bαWˆ bα
)
F
+
sinχ
16
(
Wˆ aαWˆ bα
)
F
. (20)
These can be canonically diagonarized by using the supersymmetric version of the trans-
formation (2). In the supersymmetric case this transformation affects not only the gauge
field sector as Eq. (4) but also the sector of gauginos λˆa,b and auxiliary fields Dˆa,b. These
effects can be summarized as
g0aQaλˆ
a + g0bQbλˆ
b = gaQaλ
a + (gabQa + gbQb)λ
b,
g0aQaDˆ
a + g0bQbDˆ
b = gaQaD
a + (gabQa + gbQb)D
b, (21)
where λa,b and Da,b are canonically normalized fields. New gauge coupling constants are
represented by Eq. (5). From these formulae we can extract various physical results.
Equations of motion for the auxiliary fields Da,b can be easily derived as
Da = −
∑
i
gaQ
i
a|φi|2, Db = −
∑
i
(
gabQ
i
a + gbQ
i
b
)
|φi|2. (22)
The D-term contribution to the scalar potential is expressed as VD =
1
2
D2a +
1
2
D2b so that
the kinetic term mixing can clearly affect the vacuum structure of the model. When we
introduce the Fayet-Iliopoulos D-terms ξaDˆa+ ξbDˆb to the original Lagrangian, the above
expressions for the auxiliary fields Da,b will be modified as,
Da → Da − ξa, Db → Db −
(
ξa
gab
g0a
− ξb gb
g0b
)
. (23)
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If we substitute this modification into the scalar potential, the D-term contribution to the
scalar potential is obtained as
VD =
1
2
D˜2a +
1
2
(
gab
g0a
D˜a +
gb
g0b
D˜b
)2
, (24)
where D˜a,b have the same form as the ones of no kinetic term mixing,
D˜a =
∑
i
g0aQ
i
a|φi|2 + ξa, D˜b =
∑
i
g0bQ
i
b|φi|2 + ξb. (25)
The minimum of the D-term contribution is D˜a = D˜b = 0, which equals to the one in
the case of sinχ = 0. However, the minimum of the total scalar potential including an
F-term contribution is expected to be modified. Although we donot consider anomalous
U(1) models here, this also may have an interesting effect on such models.
2.3 RGEs of abelian gauge sector
The RGEs for the abelian gauge sector are affected by the kinetic term mixing like non-
supersymmetric case. Here we should add some arguments on the RGEs of gauge coupling
constants and gaugino masses. In the supersymmetric case we can write down the concrete
form of one-loop RGEs for gauge coupling constants in a compact form [18],
dga
dt
=
1
16pi2
g3aBaa,
dgab
dt
=
1
16pi2
(
g3abBaa + 2g
2
abgbBab + gabg
2
bBbb + 2g
2
agabBaa + 2g
2
agbBab
)
,
dgb
dt
=
1
16pi2
(
gbg
2
abBaa + 2g
2
bgabBab + g
3
bBbb
)
, (26)
where we use the asymmetric basis defined by Eq. (2).2 The usage of this basis is
convenient for the practical purpose in the unified models because U(1)a coupling is not
altered from the original one as shown in Eq. (5). The charge factor Bij is defined by
Bij = Tr(QiQj) where Qi and Qj are U(1)a or U(1)b charges of the chiral superfields which
run through the internal line. The trace should be taken for all possible chiral superfields
in the loop.
As mentioned before, in the ordinary unification of the abelian factor groups into a
simple group where the usual initial condition (10) is used, both of an initial value gab
2 The rotation angle θ which relates both basis in Eq. (9) satisfies
dθ
dt
=
1
16pi2
(gagabBaa + gagbBab) .
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and Bab vanish and nonzero gab can never appear at the low energy region if any multiplet
splitting is not induced by some symmetry breakings at the intermediate scale. However,
even in such models if there appear incomplete multiplets of the unification group at
some intermediate region, Bab becomes nonzero as its result and gab will develope nonzero
value at the lower energy region [13]. Recently detailed analysis on the magnitude of the
induced kinetic term mixing has been done in [20] for the E6 inspired extra U(1) models.
In perturbative superstring models nonzero gab can also appear even at the Planck scale
as pointed out in ref. [14, 15]. In that case we should use Eq. (11) as an initial condition
for the RGEs study.
One-loop RGEs for U(1)a× U(1)b gaugino masses take also a 2 × 2 matrix form and
can be written in the symmetric basis as,
d
dt

 Ma Mab
Mab Mb

 = −

 Ma Mab
Mab Mb



 γam γabm
γabm γ
b
m

 , (27)
where 
 γam γabm
γabm γ
b
m

 = −2

 β¯a β¯ab
β¯ab β¯b


= − 1
8pi2

 g¯a g¯ba
g¯ab g¯b



 Baa Bab
Bab Bbb



 g¯a g¯ab
g¯ba g¯b

 . (28)
These RGEs show that the abelian gaugino mass mixing can appear at the low energy
region as a result of the kinetic term mixing even if there is no mixing in the initial values
of the soft supersymmetry breaking gaugino masses. From Eqs. (27) and (28), we cannot
generally expect the unification relation which is usually predicted among the gaugino
masses, if there is the kinetic term mixing.
In addition to these radiative effects the existence of an abelian off-diagonal gaugino
mass may appear at the unification scale MU in relation to the origin of soft supersymme-
try breaking. In the N = 1 supergravity framework it is well known that gaugino masses
are expressed at the unification scale as [24]
Ma =
1
2
(Re fa)
−1F j∂jfa, (29)
where F j is the auxiliary fields in a chiral superfield Φj and its VEV induces the supersym-
metry breaking. In principle, the gauge kinetic function fa can have nonzero off-diagoinal
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elements fab for abelian factor groups U(1)a× U(1)b. The existence of such off-diagonal
elements fab was pointed out at the one-loop effect in the perturbative superstring [15].
If fab has the Φ
j dependence in the case of F j 6= 0, nonzero Mab is expected to appear at
MU . This means that there may be a mixing even in the initial condition of the RGEs for
the abelian gaugino masses. The abelian gaugino mass mixing originated from the kinetic
term mixing may be one of the interesting aspects of soft supersymmetry breakings. This
point seems not to have been noted by now. Although further study of these issues seem
to be worthy to clarify the detailed feature of extra U(1) models, they are beyond our
present scope and we will not treat them in this paper.
3 µ-problem solvable models
There can be a lot of low energy extra U(1)X models as the extension of the MSSM.
3
Among these models we are especially interested in µ-problem solvable extra U(1)X mod-
els, which satisfy the features such as, (i) the extra U(1)X symmetry should be broken by
the VEV of a SM singlet scalar S and (ii) the singlet chiral superfield S has a coupling to
the ordinary Higgs doublet chiral superfields H1 and H2 such as λSH1H2. In these models
the ordinary µ term is forbidden in the original Lagrangian by U(1)X and the µ scale is
naturally related to the mass of the extra U(1)X gauge boson. Thus they also seem to be
very interesting from the phenomenological viewpoint.4 Thus it will be worthy to prepare
the framework for their analysis and to investigate detail features of such typical models.
In this paper we confine our attention to this class of models derived from the super-
string inspired E6 models.
5 There are two classes of extra U(1)X models derived from
superstring inspired E6 models. One is a rank five model, which is called as η model. The
other ones have a rank six and there are two extra U(1)s in addition to the SM gauge
3Hereafter we will use the same notation for the chiral superfields and its scalar component fields.
4 There is also a possibility that the µ term is induced by a nonrenormalizable term λ(SS¯/M2pl)
nSH1H2
in the superpotential because of some discreate symmetry [25]. In such a case 〈S〉 should be large in
order to realize the appropriate µ scale. As a result there is no low energy extra gauge symmetry which
can be relevant to the present experimental front. The tadplole problem accompanying this singlet scalar
S may again appear. Because of these reasons we do not consider this possibility here.
5It is well known that this type of model often appears in models derived from the various construc-
tion of weak coupling superstring [2, 26]. The following discussion can be generalized to such models
straightforwardly.
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fields SU(3)× SU(2) Y Qψ Qχ Qη Qξ±
Q (3,2) 1
3
√
5
18
− 1√
6
−2
3
± 1√
6
U¯ (3∗, 1) −4
3
√
5
18
− 1√
6
−2
3
± 1√
6
D¯ (3∗, 1) 2
3
√
5
18
3√
6
1
3
± 2√
6
L (1,2) −1
√
5
18
3√
6
1
3
± 2√
6
E¯ (1,1) 2
√
5
18
− 1√
6
−2
3
± 1√
6
H1 (1,2) −1 −2
√
5
18
− 2√
6
1
3
∓ 3√
6
H2 (1,2) 1 −2
√
5
18
2√
6
4
3
∓ 2√
6
g (3,1) −2
3
−2
√
5
18
2√
6
4
3
∓ 2√
6
g¯ (3∗, 1) 2
3
−2
√
5
18
− 2√
6
1
3
∓ 3√
6
S (1,1) 0 4
√
5
18
0 −5
3
± 5√
6
N (1,1) 0
√
5
18
− 5√
6
−5
3
0
Table 1 The charge assignment of extra U(1)s which are derived from E6. These charges
are normalized as
∑
i∈27
Q2i = 20.
structure. They are known to be expressed as suitable linear combinations of two abelian
groups U(1)ψ and U(1)χ. Their charge assignments for 27 of E6 are summarized in Table
1. As seen from this table, there is a SM singlet S which has a coupling λSH1H2. The
η-model clearly satisfies the above mentioned conditions (i) and (ii). On the other hand,
in the rank six models thse conditions impose rather severe constraint on the extra U(1)X
remaining at the low energy region.
In this type of rank six models a right-handed sneutrino N c also has to get a VEV
to break the gauge symmetry into the one of the SM. If we try to explain the smallness
of the neutrino mass in this context, N c should get the sufficiently large VEV. To make
this possible N needs to have a massless conjugate partner N¯ which is a chiral superfield
belonging to 27∗ of E6.6 Fortunately, it is well known that this can happen in the
perturbative string models [2]. In such a case, as easily seen, a sector of (N, N¯) in the
fields space has a D-flat direction 〈N〉 = 〈N¯〉 and then they can get a large VEV without
6If we impose the gauge coupling unification on our models, we need to include other conjugate pairs
besides N + N¯ from 27+ 27∗ as pointed out in [12, 20].
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breaking supersymmetry [2]. This VEV 〈N〉 can induce the large right-handed Majorana
neutrino mass through the nonrenormalizable term (NN¯)n/M2n−3pl in the superpotential
and then the seesaw mechanism is applicable to yield the small neutrino mass7 as suggested
in [7, 27]. This D-flat direction may also be related to the inflation of universe and the
baryogenesis as discussed in [29]. However, this introduction of 〈N〉 usually breaks the
direct relation between the µ scale and the mass of the extra U(1)X gauge boson because
the VEV of N also generally contributes to the latter. In order to escape this situation
we need to select a U(1)X by taking a suitable linear combination of U(1)ψ and U(1)χ to
make N have zero charge of this U(1)X [7, 14, 27]. This type of model is also shown in
Table 1. The difference between ξ± is the overall sign and they can be identified by the
redefinition of g0b and sinχ. In the following part we adopt the ξ− convention.
8 Using
the D-flat direction 〈N〉 = 〈N¯〉 of another extra U(1) orthogonal to this U(1)ξ−, the
right-handed sneutrino gets the large VEV which breaks this extra U(1) symmetry and
induces the large Majorana masses for the right-handed neutrinos as mentioned above.
As a result of this symmetry breaking at the intermediate scale, only one extra U(1)ξ−
remains as the low energy symmetry.
Apart from the property of the low energy extra U(1)X , whether an intermediate scale
can exist or not is a special feature which discreminate between the rank six ξ− model
and the rank five η model. In the following study we will concentrate our study on low
energy features of two U(1)X models (X = η, ξ−).
4 Vacuum structure of extra U(1)X models
7 The small Majorana neutrino mass can also be directly induced through loop effects and/or non-
renormalizable couplings by using this intermediate scale 〈N〉 [27, 28]. In that case some kind of discrete
symmetry should play an important role. Here we should also note that all the right-handed neutrinos
need not to be heavy. Light sterile neutrinos is possible in this type of models.
8As discussed in refs. [7, 27], Qξ
−
can also be obtained only by changing the field assignments for Qχ.
This insight allows us to construct new models, which can induce an interesting neutrino mass matrix
[30] by using the charge assignments Qχ and Qξ
−
for the different generations [27]. However, in this
paper we shall not consider such models for simplicity.
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4.1 General framework
In this section we investigate the vacuum structure of µ-problem solvable η and ξ− models.
The electroweak gauge structure of these models is SU(2)L×U(1)Y×U(1)X at the low
energy region. The arguments in the previous section are straightforwardly applicable if
we identify Aµa and A
µ
b with the gauge fields B
µ of U(1)Y and X
µ of U(1)X , respectively.
After resolving the kinetic term mixing of these abelian factor groups, the canonically
normalized Lagrangian of the present models is expressed by using the component fields
as,
L = −1
4
W iµνW
iµν − 1
4
BµνB
µν − 1
4
XµνX
µν
−iλiαWσµαβ˙∂µλ¯iβ˙W − iλαBσµαβ˙∂µλ¯β˙B − iλαXσµαβ˙∂µλ¯β˙X
+
1
2
∑
i
D2W i +
1
2
D2B +
1
2
D2X
+| (∂µ −G(Vµ))φ |2 + iψ¯β˙σµαβ˙ (∂µ −G(V µ))ψα +
1
2
φ∗G(D)φ
+i
√
2
(
φ∗G(λ)ψ − φG(λ¯)ψ¯
)
+ |F |2 + [W (Φ) + h.c.]F , (30)
where W iµν , Bµν and Xµν are the field strengths of SU(2)L, U(1)Y and U(1)X , respectively.
The chiral superfields Φ = (φ, ψ, F ) should be understood to represent all necessary
matter and Higgs fields, although indices for all quantum numbers are abbreviated. For
the convenience we use the notation for the vector suprerfields
G(F) = i
2
(
gW τ
iF iW + gY Y FB + (gY XY + gXQX)FX
)
, (31)
where F represents the component fields Vµ, λ and D of the vector superfield VZW for the
gauge group SU(2)L× U(1)Y× U(1)X .
In the µ-problem solvable models the gauge symmetry breaking required around the
weak scale is SU(2)L×U(1)Y×U(1)X →U(1)em, which is realized by the VEVs of Higgs
scalar fields
〈H1〉 =

 v1
0

 , 〈H2〉 =

 0
v2

 , 〈S〉 = u, (32)
where their quantum numbers for SU(2)L× U(1)Y× U(1)X are
H1 (2,−1, Q1), H2 (2, 1, Q2), S (1, 0, QS). (33)
For a correct electroweak vacuum we need to impose v21 + v
2
2 = (174 GeV)
2(≡ v2). All
VEVs are assumed to be real. The vacuum of these models is described as a point in a
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space of two dimensionless parameters, tanβ = v2/v1 and u/v. In the rest of this section
we give a general framework to constrain the allowed region in this space in terms of both
electroweak precision measurements and scalar potential minimum conditions. After that
we use it to analyze the vacuum structure of our models.
In order to investigate the vacuum structure in the basis of the recent experimental
results we need to determine the physical states at and below the weak scale [18]. The
mass mixing between two U(1) factor groups appears when the spontaneous symmetry
breaking occurs at the neighborhood of the weak scale. In the present models the charged
gauge sector is the same as that of the MSSM. In the neutral gauge sector we introduce
the Weinberg angle θW in a usual way,
9
Zµ = cos θWW
3
µ − sin θWBµ, Aµ = sin θWW 3µ + cos θWBµ. (34)
Here we use the canonically normalized basis (Zµ, Xµ) so that Aµ is decoupled from the
(Zµ, Xµ) sector. After the spontaneous symmetry breaking the mass matrix of (Zµ, Xµ)
can be written as 
 m2Y m2Y X
m2Y X m
2
X

 , (35)
where each element is expressed as
m2Y = m
2
Z ,
m2Y X = m
2
ZsW tanχ+
∆m2
cosχ
,
m2X = m
2
Zs
2
W tan
2 χ+ 2∆m2sW
sinχ
cos2 χ
+
M2Z′
cos2 χ
. (36)
In these expressions m2Z ,∆m
2 and M2Z′ represent the values of corresponding components
in the case of no kinetic term mixing (sinχ = 0). They can be written as
m2Z =
1
2
(g2W + g
2
Y )v
2,
∆m2 =
1
2
(g2W + g
2
Y )
1/2gX
(
Q1v
2
1 −Q2v22
)
,
M2Z′ =
1
2
g2X
(
Q21v
2
1 +Q
2
2v
2
2 +Q
2
Su
2
)
. (37)
We introduce mass eigenstates which diagonalize the mass matrix (35) as follows,
Zµ1 = cos ξZ
µ + sin ξXµ,
Zµ2 = − sin ξZµ + cos ξXµ, (38)
9 In the following we use the abbreviated notation sW ≡ sin θW and cW ≡ cos θW .
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where the mixing angle ξ can be given by using Eq. (13) as
tan 2ξ =
−2 cosχ(m2ZsW sinχ+∆m2)
M2Z′ + 2∆m
2sW sinχ+m2Zs
2
W sin
2 χ−m2Z cos2 χ
. (39)
In general, a mass eigenvalue mZ2 and ξ are severely constrained by direct searches at
Fermilab Tevatron [31] and precise measurements at LEP [32]. In the case of sinχ = 0,
it is usually assumed that this constraint is satisfied because of ∆m2 ≪ M2Z′. This can
be realized in two ways. Simple one requires only v21, v
2
2 ≪ u2 which needs no fine tuning
at this stage [7, 11]. The other one requires a special situation ∆m2 ∼ 0 [11, 18]. This
reduces to tan2 β ∼ 1/4 (η model) and 3/2 (ξ− model). Here it may be useful to remember
that the radiative symmetry breaking scenario favors tan β > 1. If sinχ 6= 0, however,
there may be a new possibility to realize the small ξ even if ∆m2 ≪M2Z′ is not satisfied.
Such a situation can be expected to occur without any assumption for the largeness of u
or ∆m2 ∼ 0, if the following condition is satisfied10
sinχ ∼ − ∆m
2
m2ZsW
= −gX
gY
Q1v
2
1 −Q2v22
v2
. (40)
It may be useful to note that this condition is reduced to
sinχ ∼


gX
3gY
4 tan2 β − 1
tan2 β + 1
η model,
gX√
6gY
2 tan2 β − 3
tan2 β + 1
ξ− model.
(41)
This shows that there is a special sinχ value for each tanβ to realize ξ = 0. In the case
of η model tanβ > 1 can requires sinχ >∼ 0.5gX/gY to satisfy this condition.
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In the case of M2Z′ ≫ m2Z , ∆m2, the mass eigenvalues of Eq. (35) are written as
m2Z1 ≃ m2Z −
1
M2Z′
(
m2ZsW sinχ+∆m
2
)2
(42)
m2Z2 ≃
M2Z′
cos2 χ
+
1
M2Z′
(
m2ZsW sinχ+∆m
2
)2
. (43)
Original states which are not canonically normalized can be related to the mass eigenstates
(Aµ, Zµ1 , Zµ2 ) as
Aˆµ = Aµ − cW tanχ (sin ξZµ1 + cos ξZµ2 ) ,
10This role of sinχ 6= 0 can be played by the VEVs of new Higgs doublet scalars which have nonzero
charges of U(1)X [18].
11In the η model it is known that there is a special sinχ value which can make U(1)η leptophobic
( sinχ = gX/3gY ) [18]. It corresponds to sinχ = 1/3 if we take gX/gY = 1 at the weak scale.
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Zˆµ = (cos ξ + sW tanχ sin ξ)Z
µ
1 + (− sin ξ + sW tanχ cos ξ)Zµ2 ,
Xˆµ =
sin ξ
cosχ
Zµ1 +
cos ξ
cosχ
Zµ2 , (44)
where Aµ stands for a real photon field and Zµ1 is understood as Z0µ observed at LEP.
Using these mass eigenstates, the interaction terms of Aµ and Zµ1 with ordinary quarks
and leptons can be expressed as [18],
Lint = eQemψ¯γµψAµ + gW
2cW
[
(v¯f + v¯
′
f ξ¯)ψ¯γµψ + (a¯f + a¯
′
f ξ¯)ψ¯γµγ5ψ
]
Zµ1 , (45)
v¯f =
(
τ 3
2
− 2Qems2W
)
(1 + sW ξ tanχ)− 2Qemc2W sW ξ tanχ,
v¯′f = (Q
ψL
X +Q
ψR
X ),
a¯f = −τ
3
2
(1 + sW ξ tanχ),
a¯′f = (Q
ψR
X −QψLX ), (46)
where we assume ξ is small enough and put ξ¯ ≡ gXcW
gW cosχ
ξ. QψLX and Q
ψR
X stand for the
U(1)X charges of ψL and ψR. Using these effective couplings, the partial decay width Γf
and the asymmetry parameter Af for Z → f¯f are expressed as
Γf =
GFm
3
Z1
6
√
2pi
ρNc
[
(v¯f + v¯
′
f ξ¯)
2 + (a¯f + a¯
′
f ξ¯)
2
]
,
Af =
2(v¯f + v¯
′
f ξ¯)(a¯f + a¯
′
f ξ¯)
(v¯f + v¯′f ξ¯)2 + (a¯f + a¯
′
f ξ¯)
2
, (47)
where ρ is a one-loop corrected ratio of the neutral current to the charged current and
Nc stands for the effective color factor. The forward-backward asymmetry of Z → f¯f
is given as AfFB =
3
4
AeAf . Using these formulae, we can restrict the allowed region in a
(tan β, u/v) plane by using the electroweak data.
4.2 Constraints from electroweak data
The deviations of various electroweak observables in the present models from the SM
predictions can be strictly constrained by taking account of data obtained at LEP. Elec-
troweak parameters corrected by the extra U(1)X effects from the SM values are the ρ
parameter and the effective Weinberg angle s¯2W . In these parameters we only take account
of the correction induced by the extra U(1)X effect besides the radiative corrections in
the SM. Other corrections yielded by the exotic matter fields are model dependent and
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we assume that they are small enough [18]. More concretely, we put ρ = 1 + δρt + δρM
where δρt is a one-loop correction due to top quark in the SM and δρM is the extra U(1)X
effect. The detailed derivation of both deviations δρM and ∆s¯
2
W due to the existence of
extra U(1)X is reviewed in the appendix [17, 18]. We only present the results below.
δρM appears at the tree level as a result of both of the mass and kinetic term mixing.
It can be expressed as [18]
δρM ≃ M
2
Z′
m2Z
ξ2
cos2 χ
+ 2s¯W ξ tanχ, (48)
where we use a relation m2Z/m
2
Z1
≃ M2Z′ξ2/m2Z cos2 χ which is obtained from Eqs. (39)
and (42) as far as ξ ≪ 1. The second term in the right-hand side comes from the kinetic
term mixing (sinχ 6= 0). This deviation in the ρ parameter can also make an influence in
the deviation of s¯2W . The expression of ∆s¯
2
W including such an effect can be found as [18]
∆s¯2W ≃ −c¯2W ξ
(
s¯2W
c¯2W − s¯2W
M2M ′
m2Z
ξ
cos2 χ
− s¯W tanχ
)
. (49)
The experimental bounds obtained at LEP for these parameters can put strong constraints
on the parameters related to the extra U(1)X sector.
Following the procedure used in Ref. [33], we estimate the deviation of LEP ob-
servables O from the predictions in the present models. In the present analysis we use
ΓZ , Rℓ, σhad, Rb, Rc, mW/mZ , A
b
FB, A
c
FB and A
ℓ
FB as O. These electroweak observ-
ables can be calculated by using the tree level formulae (47) and the deviation of these
observables O can be approximately expanded by δρM , ∆s¯2W and ξ¯ as
δO
O = A
(1)δρM +A(2)∆s¯2W + Bξ¯. (50)
where A(1), A(2) and B are calculated by using Eqs. (46) and (47). As is easily checked,
only B is different between both models. Their numerical values of the present models
are given in Table 2.
Since δρM and ∆s¯
2
W are not independent and are related through Eqs. (48) and (49),
four independent free parameters gX , sinχ, δρM and ξ¯ are contained in our analysis.
If we take gX and sinχ to be suitable values, we can carry out two parameters χ
2-fit
between these predictions and LEP data in a (δρM , ξ¯) plane. As a result of such analyses
a minimum value of χ2 is found to be χ2 ≃ 7.0 for 7 degrees of freedom at a point such as
(δρM , ξ¯) ∼ (−2.4× 10−4,−4× 10−5), η model,
∼ (−2.4× 10−4, 4× 10−5), ξ− model (51)
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O ΓZ Rℓ σhad Rb Rc mW/mZ AbFB AcFB AℓFB
A(1) 0.99 0 0 0 0 0.38 0 0 0
A(2) −1.06 −0.84 0.097 0.18 −0.35 −1.00 −54.15 −58.66 −106.93
B(η) 0.52 −0.82 0.20 2.56 −4.86 0 −26.61 −25.41 −54.78
B(ξ−) 0.33 −4.31 5.03 1.86 −3.54 0 7.21 9.71 16.98
Table 2
in the case of sinχ = 0. For this degrees of freedom the corresponding χ2 values to
goodness-of-fits of 95% and 99% are χ2 = 14.1 and 18.5, respectively. For the same
observables the χ2 value of the SM is 3.4. Thus at this stage there is no positive experi-
mantal signature for considering the low energy extra U(1)X models. These data should
be only used to put the constraint on the vacuum structure of the models so as to satisfy
the constraint on ξ¯. In the following study our aim is to find what kind of vacua can
approximately satisfy this constraint.
By using the relations (37), (39), (48) and (49), we can project this result in the
(δρM , ξ¯) plane onto the ones in the various planes defined by other variables. To see a
role of the kinetic term mixing on the value of u, it is convenient to draw χ2-contours for
typical values of tan β and gX in a (sinχ, u/v) plane. It should be reminded that the
value of sinχ which can induces the minimum of u is largely dependent on tanβ as shown
in Eq. (41). Here we choose tan β = 1.5 taking account of the fact that the radiative
symmetry breaking favors tanβ >∼ 1. These results for η and ξ− models are presented in
Fig. 1. From this figure we can easily find that it shows very similar features to a contour
of the present upper bound of mixing angle ξ given in [22] as expected. In the η model
sinχ = 1/3 which corresponds to leptophobia in the present setting cannot make u small
because ξ is large for tan β = 1.5. For this tanβ we need sinχ ∼ 0.82 to realize ξ ∼ 0.
Here we should note that too large sinχ value seems to be difficult to be realized [20] and
also it may contradict a perturbative picture.
In order to examine the vacuum structure we should draw the χ2-contours in the
(tan β, u/v) plane since the vacuum is parameterized by two dimensionless variables
tan β and u/v. In this analysis relevant free parameters in the model are gX and sinχ
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Fig.1 χ2-contours in the (sinχ, u/v) plane for (A) η and (B) ξ− models with tanβ = 1.5 and gX/gY = 1.
They are shown by a solid line for χ2 = 18.5 and a dotted line for χ2 = 14.1, respectively. Dash-dotted
lines represent the mZ2 contours such as a: 400 GeV, b: 800 GeV, c: 1200 GeV and d: 1600 GeV,
respectively.
alone. We vary these parameters in the following regions,
0 ≤ sinχ ≤ 0.3, 0.8 ≤ gX/gY ≤ 1.2. (52)
The study of RGEs in Eq. (26) for various E6 inspired extra U(1) models [20] seems to
verify this assumption on sinχ and gX/gY at the weak scale. The reason to take sinχ
positive has already discussed in the previous subsection. In Fig. 2 we present the χ2-
contours in this plane for both models with typical values of these parameters. In the
same plane we also plot contours of the extra neutral gauge boson massmZ2 as a reference.
We can observe that u can be small and result in a rather small mZ2 value for a suitable
region of tan β. This tan β region is somehow different between two models.
A gross shape of the χ2-contours shown in Fig.2 is general and they donot show so
strong gX and sinχ dependence. However, the value of tanβ allowed at the small u/v
region somehow changes depending on the sinχ value as expected from Eq. (41). If we
note a χ2 = 18.5 contour, we find that the region of u/v ≤ 10 can be realized at very
restricted tanβ values as follows,
η model


0 < tan β <∼ 1.1 ( sinχ = 0 ),
0.4 <∼ tan β
<
∼ 1.2 ( sinχ = 0.3 ),
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Fig.2 χ2-contours in the (tanβ, u/v) plane for (A) η model with sinχ = 0.3 and (B) ξ− model with
sinχ = 0.2. In both cases gX/gY = 1 is assumed. Contours are shown by a solid line for χ
2 = 18.5 and a
dotted line for χ2 = 14.1. Dashed-Dotted lines represent the mZ2 contours a: 400 GeV, b: 800 GeV, c:
1200 GeV and d: 1600 GeV, respectively.
ξ− model


0.9 < tanβ <∼ 1.9 ( sinχ = 0 ),
1.2 < tanβ <∼ 2.6 ( sinχ = 0.2 ).
(53)
In both models the somehow larger sinχ(≥ 0) value is necessary to realize tan β in a
favorable region like tan β >∼ 1 as far as we require that rather small u/v value is allowable.
Generally, in the ξ− model the naturally small sinχ(≥ 0) values can make u/v rather small
for the tan β >∼ 1 region. Thus the ξ− model may be more promising than the η model
from this viewpoint.
4.3 Minimization of scalar potential
Next we study the vacuum structure through minimizing the scalar potential [7, 11, 12].
We again take account of the influence on the scalar potential caused by the kinetic term
mixing among abelian gauge fields. It should be reminded that the abelian auxiliary
fields DY,X are changed as shown in Eq. (21). For the detailed investigation of the scalar
potential in the present models the superpotential and the soft supersymmetry breaking
terms should be fixed definitely. In this paper we assume the following superpotential,
W = hUQH2U¯ + hDQH1D¯ + hELH1E¯ + hNLH2N¯ + λSH1H2 + kSg¯g. (54)
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Here we explicitly write the minimal part which is necessary for this model to be realistic.
Generation indices are abbreviated. Other terms including the exotic fields are omitted.12
As soft supersymmetry breaking terms we consider the following ones,13
Lsoft = −
∑
k
m2k|φk|2 −m21|H1|2 −m22|H2|2 −m2S|S|2
+
[
AUhUQH2U¯ + ADhDQH1D¯ + AEhELH1E¯ + ANhNLH2N
+AλλSH1H2 + AkkSg¯g
+
1
2
(
MW
∑
i
λWiλWi +MY λY λY +MXλXλX
)
+ h.c.
]
, (55)
where φk stands for the superpartners of ordinary quarks and leptons. For simplicity,
A-parameters and Yukawa couplings are assumed to be real.
The changes induced in the scalar potential by the extra U(1)X is expected to be
reflected in the vacuum structure. In order to investigate this aspect we write down the
vacuum energy by using the VEVs of H1, H2 and S. Under the assumption (32) for these
VEVs, we can write it as follows,
V =
1
8
(
g2W + g
2
Y
) (
v21 − v22
)2
+
1
8
{
gY tanχ(v
2
1 − v22) +
gX
cosχ
(
Q1(v
2
1 − u2) +Q2(v22 − u2)
)}2
+λ2v21v
2
2 + λ
2u2v21 + λ
2u2v22 +m
2
1v
2
1 +m
2
2v
2
2 +m
2
Su
2 − 2Aλuv1v2. (56)
Here we use the relation Q1+Q2+QS = 0 for the extra U(1)X charge, which comes from
the λSH1H2 coupling in the superpotential W . In the second line we can see the effect of
the kinetic term mixing. A linear term of u appears in this potential only in a form Au
so that a sign of A is relevant to the one of u.
Now we proceed an analysis of the feature of the minimum of this potential. The
analytic study is difficult and then the potential minimum must be numerically studied
by solving the minimum conditions,
∂V
∂v1
=
∂V
∂v2
=
∂V
∂u
= 0. (57)
12We also drop the usual R-parity violating terms to guarantee the proton stability. This may be
justified due to some discrete symmetry. The last term is necessary for the radiative symmetry breaking
of U(1)X as discussed in [7, 12]. In the η model hN = 0 should be assumed.
13We donot consider the abelian gaugino mass mixing term MYXλY λX , for simplicity.
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These conditions can be translated into the equations for Higgs masses,(
m1
v
)2
=
g2W + g
2
Y
4
(
sin2 β − cos2 β
)
− ζ1
4
(
ζ1 cos
2 β + ζ2 sin
2 β + ζ3
(
u
v
)2)
−λ2
(
sin2 β +
(
u
v
)2)
+ λ
A
v
u
v
tanβ, (58)
(
m2
v
)2
= −g
2
W + g
2
Y
4
(
sin2 β − cos2 β
)
− ζ2
4
(
ζ1 cos
2 β + ζ2 sin
2 β + ζ3
(
u
v
)2)
−λ2
(
cos2 β +
(
u
v
)2)
+ λ
A
v
u
v
cotβ, (59)
(
mS
v
)2
= −ζ3
4
(
ζ1 cos
2 β + ζ2 sin
2 β + ζ3
(
u
v
)2)
− λ2 + λA
v
v
u
cos β sin β, (60)
where v21 + v
2
2 = v
2 should be satisfied. We define ζ1, ζ2 and ζ3 as
ζ1 = gY tanχ+
gXQ1
cosχ
, ζ2 = −gY tanχ+ gXQ2
cosχ
, ζ3 =
gXQS
cosχ
. (61)
A solution of Eqs. (58)-(60) is realized as a triple crossing point of the contours of m21, m
2
2
and m2S in the (tanβ, u/v) plane for a suitable set of parameters gX , sinχ, A and λ. It is
not an easy task to solve the coupled RGEs for all physical parameters and find solutions of
Eqs. (58)-(60) varying the initial conditions for all parameters at the unification scale. In
the present analysis we donot practice this procedure but adopt more convenient method.
To know the existence of such solutions we should search the parameters region for
which the contour bands of m21, m
2
2 and m
2
S simultaneously cross each other within a
suitable width like |m2| <∼ (1 TeV)2. The absolute values of these squared masses are nat-
urally considered to be near the weak scale from a viewpoint of the radiative symmetry
breaking induced by the quantum corrections to the soft supersymmetry breaking param-
eters. These parameters are usually considered to be from a few handred GeV to 1 TeV
at the unification scale and run towards the low energy region mainly under the control
of the contribution from large Yukawa coupling constants. If we take this viewpoint, we
can roughly know the consistent parameter region with the radiative symmetry breaking
scenario. We follow this simplified method. The complete RGEs study done in [7, 11, 12]
seems to support the result of this method.
We numerically examine the possible vacuum structure by drawing m21, m
2
2 and m
2
S
contours in the (tanβ, u/v) plane for the various values of parameters gX , sinχ, gX , λ
and A. We vary these in the region (52) and
0.1 ≤ λ ≤ 0.9, |A/v| ≤ 10. (62)
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Fig.3 Contours of m21, m
2
2 and m
2
S in the (tanβ, u/v) plane for (A) η model with sinχ = 0.3 and (B) ξ−
model with sinχ = 0.2. In both cases gX/gY = 1, λ = 0.5 and A/v = 2 are assumed. Contours of m
2
1,
m22 and m
2
S are drawn by dash-dotted, dotted and solid lines, respectively. The value associated with
contours are (m1,2,S/v)
2 = −30,−25,−20, · · · , 20, 30. In particular, contours for (m1,2,S/v)2 = −30 are
marked by x at their neighborhood.
Since the parameter A is varied in the above region including a negative A, we only need
to search the positive u/v region. As such an example, in Fig. 3 we draw those contours
for a typical set of these parameters.
Here we summarize the general features found from this analysis. The sinχ and gX
dependence of these contours is non-negligible but weak. As expected from the largeness
of u/v, m2S is almost dominated by the first term in Eq. (60) and then it is not affected
so large by parameters λ and A in our interesting (tanβ, u/v) region. The contours of
m2S are almost equivalent to the constant u/v lines satisfying u/v
<
∼ 10. On the other
hand, parameters λ and A play crucial role to determine the contours m21 and m
2
2. This
feature is mainly related to the behavior of the last terms in Eqs. (58) and (59). The
behavior of contours m21 and m
2
2 in our considering (tanβ, u/v) regime may be explained
as follows. For the small λ and |A/v| values, the m21 and m22 contours are also almost
constant u/v lines since the first two terms in Eqs. (58) and (59) dominate their values.
As its result there appears an allowed wide tanβ region where three contours satisfying
|(m/v)2| < 30 can cross at a point. If we take |A/v| larger, the overlapping region of three
23
contours shrinks around tan β ∼ 1 and also its upper bound on u/v becomes smaller.
This is because the contours of m21 and m
2
2 have a shape which is determined by the last
terms of Eqs. (58) and (59). If we make λ larger, their shape does not change largely.
Although a wide tan β region gives a solution and no favorite tanβ region appears, the
upper bound on u/v becomes smaller. When both of λ and |A/v| are taken larger, the
contours of m21 and m
2
2 cross at the region where u/v has too large or small values like
u/v >∼ 10 or u/v
<
∼ 1. In that case we cannot find a solution in a suitable (mS/v)
2 region.
Some of these fetures can be found in Fig. 3. Similar features are reported in the RGEs
study [12].
These results also may give us a hint for the RGEs study. As found in this argument, in
such a study one of the important problems is clearly to find what kind of input parameters
can realize the negative smaller m2S at the weak scale to obtain such a solution as u/v
>
∼ 2.
In that case we may need non-universal soft supersymmetry breaking scalar masses at
least in the Higgs sector [7, 12].
Now by combining this result with the previously discussed χ2-fits using the precise
measurements, we can restrict the allowed region in the (tanβ, u/v) space of the present
models. In that region the model can simultaneously satisfy both of the condition for the
radiative symmetry breaking and the requirement to fulfill the constraint from the data
of electroweak precise measurements. As an example, if we use Figs. 2 and 3 for this
purpose, we can find such solutions at the following values,
tanβ ∼ 0.8, 2.5 <∼ u/v <∼ 8 ( η model with sinχ = 0.3 ),
tanβ ∼ 1.5, 2 <∼ u/v <∼ 8 ( ξ− model with sinχ = 0.2 ), (63)
where the parameters are taken as gX/gY = 1, λ = 0.5 and A/v = 2. If we deviate tanβ
from the above one within the region (53), the lower bound of u/v suddenly becomes
larger. These are general features.
We comment in some detail on the parameters dependence of these solutions. The
drastic effect of sinχ 6= 0 on this vacuum structure can not be found but we should note
that it has an important role to determine tan β which makes small u values allowable.
Generally the consistent solutions tends to be found for not so large values of λ and |A/v|.
This tendency can be understood from the previously mentioned features of the parameter
dependence of Fig. 2 and Fig. 3. If we take account of the well known result tan β >∼ 1 in
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the study of the radiative symmetry breaking due to large Yukawa couplings, the above
results shows the η model seems not to be realized as a consistent model in our framework
assuming |(m1,2,S/v)2| ≤ 30. The ξ− model has a good nature also in this aspect.
4.4 Masses of an extra Z and a neutral Higgs scalar
It is very interesting that in this study the vacuum solutions can be found only at the
stringently restricted region in the (tanβ, u/v) plane. This makes us possible to find the
bounds on mZ2 and the lightest neutral Higgs scalar mass mh0 . Here we estimate these
mass bounds in the basis of the study in the previous subsections.
The neutral Higgs scalars mass matrix can be written in the basis of (H01 , H
0
2 , S) by
using the minimization conditions (58)-(60) as,
m2Z
g˜2


cos2 β(g˜2 + ζ21 ) + 2λA˜u˜ tanβ
1
2
sin 2β(−g˜2 +X12)− 2λA˜u˜ cosβ
(
u˜X13 − 2λA˜ tanβ
)
1
2
sin 2β(−g˜2 +X12)− 2λA˜u˜ sin2 β(g˜2 + ζ22 ) + 2λA˜u˜ cotβ sinβ
(
u˜X23 − 2λA˜ cotβ
)
cosβ
(
u˜X13 − 2λA˜ tanβ
)
sinβ
(
u˜X23 − 2λA˜ cotβ
)
ζ23 u˜
2 + A˜
u˜
λ sin 2β

 ,
where g˜2 = g2W + g
2
Y and Xij = ζiζj + 4λ
2. In this expression we also use abbreviations
A˜ = A/v and u˜ = u/v. In order to estimate mh0 we numerically diagonalize this matrix
and plot the contours of the smallest mass eigenvalue in the (tan β, u/v) plane. Since in
the present models the value of u/v is severely restricted by the bounds on mZ2 and ξ, it
cannot be so small that the lightest neutral Higgs scalar cannot be generally dominated by
a scalar partner of S which has no electroweak interactions. This situation is completely
different from the case of NMSSM where the lightest neutral Higgs scalar can be dominated
by the scalar component of S in the case of the small u/v [34]. Thus the MSSM bound
on the lightest neutral Higgs scalar mass might be almost applicable and we could impose
mh0
>
∼ 62.5 GeV [35]. This can give an additional constraint on the parameters in the
present models.
To make our discussion definite we consider the ξ− model. We know from the discus-
sions up to now that tanβ >∼ 1 and 2
<
∼ u/v
<
∼ 8 are required. This makes us possible
to examine the allowed parameters region by checking whether this condition on mh0 is
satisfied or not in the constrained (tanβ, u/v) plane. Although mh0 is found to have only
a negligible dependence on sinχ and gX , it is crucially dependent on λ and A. In fact, for
A/v <∼ 0.1, mh0
>
∼ 62.5 GeV cannot be satisfied in the favorable part of the (tanβ, u/v)
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Fig.4 Contours of the lightest neutral Higgs scalar mass mh0 in the (tanβ, u/v) plane for ξ− model with
sinχ = 0.2, gX/gY = 1, λ = 0.5 and A/v = 2.
plane for any λ in the region (62). For small A/v, the larger λ has a tendency to make
m2h0 < 0 there and then the vacuum unstable. We can estimate the allowed perturbative
region of λ for the typical values of A/v, for which mh0 can satisfy the experimental lower
bound in a certain point of the above mentioned constrained (tanβ, u/v) plane. Such an
example is
0.2 <∼ λ
<
∼ 0.5 for A/v = 1,
0.4 <∼ λ
<
∼ 0.9 for A/v = 5.
(64)
For the larger A/v, the larger λ is favored and the larger A/v tends to make mh0 larger.
To find the absolute value of mh0 consistent with other conditions, we take the same
parameters as those used to draw Fig. 2 and Fig. 3. In this case contours of the lightest
neutral Higgs scalar mass are shown in Fig. 4. One of interesting features of this figure
may be a behavior of the contours for tanβ. As mentioned before, the lightest Higgs
scalar in this model is mostly composed in the same way as the one of the MSSM whose
mass increases with increasing tanβ. On the other hand, Fig. 4 shows a completely
different behavior from that.14 In the present Higgs scalar mass matrix there is a D-term
contribution of the extra U(1)X even in a 2×2 submatrix for (H01 , H02 ). This contribution
seems to make us possible to understand the feature in Fig. 4. In order to see this briefly,
14The author would like to thank the referee for pointing this out.
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we may extract a 2×2 submatrix for (H01 , H02) and carry out orthogonal transformation
with an angle β. Then we can find the lightest Higgs mass upper bound as [36, 7]
m2h0 ≤ m2Z
[
cos4 β
(
1 +
ζ21
g˜2
)
+ sin4 β
(
1 +
ζ22
g˜2
)
+ 2 sin2 β cos2 β
(
−1 + X12
g˜2
)]
,
where ζ1, ζ2 and X12 represent the extra U(1)X effect. Although this upper bound in-
creases with increasing tan β in the case of ζ1 = ζ2 = 0, we can find that this can decrease
with increasing tan β in certain extra U(1)X models like the present case. The extra U(1)X
model may give an example of the lightest Higgs scalar with the similar composition to
the MSSM one but with the different mass behavior for tanβ from that.
Finally, if we combine this with Figs. 2 and 3, the bounds of mZ2 and mh0 can be
estimated as
400 GeV <∼ mZ2
<
∼ 1500 GeV, 62.5 GeV
<
∼ mh0
<
∼ 95 GV. (65)
In the case of mZ2 the lower and upper bounds are mainly constrained by the values of
sinχ and m21,2,S, respectively. On the other hand, we should note again that λ and A are
the most important to determine the bound of mh0. Although we assume that the soft
supersymmetry breaking scalar masses m21, m
2
2 and m
2
S should be in the reasonable range
|m2| < (1 TeV)2 from the viewpoint of naturalness consideration, it seems to be difficult
to change this condition largely so that we expect our estimation method and then the
obtained results are not so bad as far as λ and A are fixed in a suitable range.
5 Summary
The weak scale extra U(1)X models are very promising candidates of a solution for the
µ-problem. They are characterized by the existence of an additional neutral gauge boson
around a several handred GeV or a TeV. Thus they are also interesting from a viewpoint
of experiments at the high energy front. As such a concrete example, at least we have
two simple models, η model and ξ− model which can be induced from the perturbative
superstring inspired E6 model. For these models it is an important issue to check their
consistency as realistic ones.
In this paper we payed our attention on their vacuum structure parametrized by the
VEVs of three Higgs scalars to study it. We investigated them based on the constraints
27
from the precise measurements of electroweak observables and the radiative symmetry
breaking at the weak scale. We searched the allowed region in the (tan β, u/v) plane.
When we proceeded this study, we took account of the effects of the gauge kinetic term
mixing of abelian factor groups, which might be a special feature of the extra U(1) models.
In general they can potentially bring some effects not only on the usual gauge interaction
sector but also on the D-term scalar potential. The latter effect has not been payed any
attention before.
Based on the numerical study we had the following results. First, the consistent
region in the (tan β, u/v) plane is strongly restricted but we could find that there was the
interesting allowed region for suitable values of parameters λ and A. This means that the
weak scale extra U(1)X models could be realistic as the µ-problem solvable electroweak
model at least from the viewpoint of consistency of the precise measurements and the
radiative symmetry breaking. Using our result for the allowed region in the (tanβ, u/v)
plane, we could estimate the mass bounds on an extra neutral gauge boson and the lightest
neutral Higgs scalar. It is noticable that we can bring the upper bound on the lightest
neutral Higgs scalar mass. Since we didnot solve the RGEs of physical parameters like
Yukawa coupling constants, soft supersymmetry breaking parameters and so on explicitly
in this analysis, these bounds could be somehow rough ones. However, it is an interesting
feature of this type of analysis to put the upper bound for them. To obtain more fine
bounds, we need to analyze it by solving RGEs explicitly.
Second, the effect on the scalar potential itself coming from the kinetic term mixing
was found not to be so large. However, its effect could not be negligible as it could rather
largely affect the gauge interaction sector. Since the allowed region in the (tanβ, u/v)
plane is influenced by both sectors, we could see non-negligible effects on the values of
tan β and u due to the kinetic term mixing. We need further quantitative study for the
origin of this kinetic term mixing in the present type of models as done in [15, 20].
The µ-problem solvable models, in particular, which have an intermediate scale like
our ξ− model, show very interesting phenomenological features such as an explanation of
small neutrino masses. Although we only discuss the ξ− model as an example of this kind
of models, there can be other models and it seems to be worthy to construct such models
by various methods, especially, as the low energy effective models of superstring. If we
consider these models seriously, we also need to study the problems related to the exotic
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fields included in the models, like proton stubility and flavor changing rare processes [27].
Such a study may enlarge our scope for the unification scenario different from the usual
grand unification schemes.
The author would like to thank M. Konmura, M. Itoh and Tadao Suzuki for the
collaboration at the first stage. He also thanks the referee for useful and important
comments on the manuscript to improve its content. This work has been supported in
part by a Grant-in-Aid for Scientific Research from the Ministry of Education, Science
and Culture(#08640362).
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Appendix
In this appendix we derive the formulae for the deviation of the electroweak parameters
(ρ, s¯2W ) from the SM prediction due to the existence of an extra U(1)X gauge field based
on Refs. [17, 18]. They are defined in the SM through the neutral current effective
interaction Lagrangian as follows,
Lint = e
2sW cW
ρ
1/2
SM
(
Jµ3 − 2s¯2WJµem
)
Zµ, (66)
where ρSM ≃ 1 + δρt. The corresponding effective interaction Lagrangian of Z1µ in the
extra U(1)X model is defined as
Lint = e
2sZcZ
ρ1/2(Jµ3 − 2s¯2ZJµem)Z1µ. (67)
We assume that the radiative correction dominantly comes from the SM sector and others
can be neglected. Thus the one-loop corrected on-shell Weinberg angle s¯2W in the SM and
the corresponding Weinberg angle s¯2Z in the present models are defined in terms of the
observed values α and GF as
s¯2W c¯
2
W =
piα(m2Z)√
2GFm
2
ZρSM
, s¯2Z c¯
2
Z =
piα(m2Z)√
2GFm
2
Z1ρSM
, (68)
where the relation between m2Z1 and m
2
Z is given by Eq. (42). From Eq. (68) we can
easily obtain
s¯2Z ≃ s¯2W +
s¯2W c¯
2
W
c¯2W − s¯2W
(
m2Z
m2Z1
− 1
)
. (69)
In the present model vector interaction parts in the effective Lagrangian for Z1µ are
summarized by using Eqs. (44) and (45) as follows,
Lint = e
2sW cW
ρ
1/2
SM (1 + sW ξ tanχ)
(
Jµ3 − 2s¯2ZJµem
)
Z1µ
−ecW ξ tanχJµemZ1µ +
gXξ
2 cosχ
J ′µZ1µ. (70)
The last term is taken into account as a v¯′f term in Eq. (45) and then it is irrelevant to
the present calculation. The first two terms in the right-hand side can be rearranged into
the following form,
Lint ≃ e
2sW cW
ρ
1/2
SM (1 + sW ξ tanχ)
(
Jµ3 − 2s¯′2ZJµem
)
Z1µ. (71)
30
Since the Zµ-Xµ mixing introduces a new interaction −ecW ξ tanχJµemZ1µ for Z1µ at tree
level in comparison with the SM case, s¯′2Z deviates from s¯
2
Z as
s¯′2Z ≃ s¯2Z + sW c2W ξ tanχ. (72)
We can also rewrite the right-hand side of Eq. (71) as
e
2sZcZ
ρ
1/2
SM (1 + sW ξ tanχ)
[
1 +
1
2
(
m2Z
m2Z1
− 1
)] (
Jµ3 − 2s¯′2ZJµem
)
Z1µ. (73)
From this expression we can extract the expression of ρ parameter in this model,
ρ = ρSM(1 + sW ξ tanχ)
2
[
1 +
1
2
(
m2Z
m2Z1
− 1
)]2
. (74)
Thus up to the first order of the small quantities the expression of δρM can be read off
as,
δρM ≃ 2sW ξ tanχ+
(
m2Z
m2Z1
− 1
)
. (75)
From Eqs. (69) and (72) the deviation of s¯2W can be derived as
∆s¯2W ≡ s¯′2Z − s¯2W
≃ − s¯
2
W c¯
2
W
c¯2W − s¯2W
(
m2Z
m2Z1
− 1
)
+ sW c
2
W ξ tanχ. (76)
If we remind the definition of famous S and T parameters [37]
ρ = 1 + αT, ∆s¯2W =
α
c2W − s2W
(
−c2W s2WT +
1
4
S
)
, (77)
we can obtain the contributions from the abelian gauge kinetic term mixing and also the
mass mixing to these parameters as follows,
αTM ≃ 2sW ξ tanχ+
(
m2Z
m2Z1
− 1
)
, (78)
αSM ≃ 4c2WsW ξ tanχ. (79)
Since the difference between s¯W and sW is a higher order effect in Eqs. (75)-(79), we can
replace sW with s¯W in those formulae for the practical calculation.
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